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Fig. 1 Observation of (A) tGPIba-vesicles and (B) rGPIb
a-polymerized albumin particles (polyAlb) to the vWi-
immobilized surface at the shear rate of 2400s™". (A} and
(B) were superimposed pictures for 3s taken at every
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Fig. 2 Effect of the administration of rGPlalla-polyAlb on
the tail bleeding time {white bar). The administration
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kg respectively, which are values in terms of albumin
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Fig. 3 Effects on the attachment of remaining platelets
to the platelet-immobilized surface by the addition of
Fbg-polyAlb. The concentrations of Fbg-polyAlb are 0,
1.0%107% 2.1 X 107%,3.6 X 107% and 4.7 X 102 g/dL.
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Editorial

Propagation of Arterial Thrombi
Local and Remote Contributory Factors

Shinya Goto

t is a common understanding that the rupture of an
Iatheroma in the coronary arteries is the initial event in the

onset of arterial thrombosis resulting in myocardial in-
farction,! Ex vivo perfusion experiments using human blood
have clearly demonstrated that platelet accumulation occurs
immediately when the subendothelial matrix, such as colla-
gen, is exposed to the blood stream.2 However, initiation of
platelet thrombus formation after endothelial disruption re-
sulting in exposure of the subendothelial matrix does not
directly represent the onset of symptomatic atherothrombotic
diseases, such as myocardial infarction, which were caused
by thrombotic arterial occlusion. For example, coronary
intervention, while causing damage to the endothelium, does
not, in most cases, result in any symptomatic myocardial
ischemia. Moreover, recent advances in clinical imaging
techniques, such as intracoronary ultrasonography, have re-
vealed a much higher incidence of atheroma rupture than of
symptomatic atherothrombotic coronary artery diseases, in-
cluding myocardial infarction and unstable angina pectoris.>+
These observations suggest the contribution of propagating
factors for thrombus growth, besides exposure of the suben-
dothelial matrix due to endothelial disruption, in the onset of
symptomatic arterial thrombotic diseases.

See page 2420

In this issue of Arteriosclerosis, Thrombosis, and Vascular
Biology, Yamashita et al have elegantly demonstrated in
experimental studies the importance of 2 factors in the
formation of arterial occlusive thrombi, namely increased
vascular wall thrombogenicity induced by the accumulation
of tissue factor and reduction of the total arterial blood flow
by increased vascular resistance.® The former explains the
difference between the onset of myocardial infarction in-
duced by the rupture of an inflamed tissue factor—rich
atheromatous plaque! and the asymptomatic limited-size
thrombus formation initiated by coronary intervention. Blood
flow reduction, induced either by local blood flow distur-
bance after rupture of an atheroma or by increased microvas-
cular resistances” also plays an important role in the propa-
gation of arterial thrombi. In addition, embolization of
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microvessels by platelet-rich thrombi,® as well as the mi-
crovessel contraction induced by biocactive substances re-
leased from activated platelets® such as thromboxane A;, may
play some roles in the reduction of arterial blood flow.

von Willebrand factor, along with its putative platelet
receptor GPIba, plays a crucial role in the imitiation of
platelet thrombus formation (Figure).'® Then the stimulation
of various platelet surface receptors, including integrin o f3;
{GPIIb/MIa),"! e.f3; (viTonectin receptor},’? and catechol-
amine receptor,!® as well as ADP receptors (P2Y), and P2Y )t4-16
and others, were involved in the growth of platelet thrombi.
Even with those stimulations, platelet thrombi could not grow
large enough to cause arterial occlusion by themselves

- without contribution of fibrin formation. Tissue factor, which

2207

is known to initiate coagulation cascade,! plays a role in fibrin
formation around platelet thrombi to cause so called stable
mixed thrombi. These contributing effects of tissue factor
have been clearly demonstrated by Falati et al with the use of
intravital microscopy.!” There still is the discussion on the
origin of tissue factor incorporated in the arterial occlusive
thrombi. Those present in the vascular wall may play an
important role as demonstrated by Yamashita et al,* although
tissue factor in circulating blood, either in a soluble form or
in association with membrane of microparticle, may also be
involved.!®

Until now, the beneficial effects of antithrombotic therapy
were supposed to be mediated only by their inhibitory effects
on the initiation and growth of thrombi at the site of occlusive
thrombus as formation takes place. The experimental results
reported by Yamashita et al may suggest other possible
mechanisms of action of antiplatelet drugs in the prevention
of occlusive thrombus formation, such as the role of aspirin in
reducing the vasoconstriction mediated by the inhibition of
thromboxane A, production,!® the role of anti-GPIIb/HIa in
the prevention of distal embolization,520 or the effects of
clopidogrel in the prevention of release of vasoactive sub-
stances from aclivated plaleleis.2! According Lo the experi-
mental results published by Yamashita et al, it might be
reasonable to suppose that the inhibition of the accumulation
of thrombogenic substances in the vascular wall, as well as
the preservation of microvessel function, may be the new
targets for the prevention of symptomatic arterial thrombotic
diseases.
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Mechanlsm of thrombus Inftiation and thrombus propagatfon
Endothellal damage Induced by any cause, such as atheroma
rupture, erosion, or vascular Interventional treatmant, initiates
platelst accumulation and thrombus formation; however, most
of the thrombi do hot grow larga enough to cause c¢linlcal symp-
toms. The slze of the thrombus 1s augmented when the bleod
flow veloclty Is also reduced because of Increased vascular
resistance. Distal embollzatlon, along with microvascular con-
traction caused by bloactive materials released from activated -
platsiets, such as thromboxane Az, may play impertant roles in
Increasing the vascular resistance. Accumulation of tissue factor
in the vascuolar wall, mostly oHginating from the Inflammatory
calls migrated into the vascular wall, along with the fibrin depo-
sition Initlated by 1, also enhances the propagation of thrombt.
Blocd flow reduction by small vessel embolization and o
increased vascular wall thrombogenicity mediated by tissue fac-
tor accumulation are presumed to play crucial roles in the for-
mation of arteriat occ!usive thrombi causlng syrnptomatlc
diseases.
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Platelets, after Exposure to a High Shear Stress, Induce
IL-10-Producing, Mature Dendritic Cells In Vitro

Masao Hagihara,”* Ayako Higuchi,® Noriko Tamura,” Yoko Ueda,* Kaori Hirabayashi,*
Yasuo Ikeda,V Shunichi Kato,® Shinji Sakamoto,! Tomomitsu Hotta,* Shunnosuke Handa," and
Shinya Goto' '

There is evidence for immune system involvement in atherogenesis. In the present study the effect of platelets on dendritic cells
(DC), an important immunologic regulator, was examined fn vitro. Platelet-rHch plasma, after exposure to shear stress, was added

to human monocyte-derived immature DC, which were then examined for surface Ag expression, allogeneic T lymphocyte stim-
ulatory activity, and cytokine production. After exposure, the number of anti-CD40 ligand (anti-CD40L) and anti-P-selectin IsG
molecules bound per platelet was increased. These activated platelets induced DC maturation, as revealed by significant up-
regulation of CD83, CD80, and CD86 Ags. The addition of platelets in the presence of IFN-y plus LPS significantly enhanced I1.-10
production from immature DC. After platelet addition, mature DC provoked a significant proliferation of allogeneic naive T
lymphocytes. These activated T cells showed lower IFN-y production than those stimulated by LPS- and IFN-y-treated DC.
CD40L on the platelet surface was not involved In maturation of DC, as mAb to CD46L failed to block maturation. The effect of
Platelets was observed even if platelets and DC were separated using large pore-sized membranes or when platelets were depleted
from plasma by centrifugation. Furthermore, it was abrogated after the depletion of protein fraction. Thus, soluble protein factors

excreted from activated platelets contribute to IL-10-producing DC maturation.

the local inflammatory response, particularly with regard

to involvement in the chronic inflammatory aspect of ath-
erosclerosis, has long been discussed (1). Several murine stidies
revealed that immune systems were tightly involved in the course
of atherogenesis (2). Among them, recruitment of monocytes was
shown to be important for the formation of atherosclerosis (3).
Experiments using IFN-y receptor-deficient, Apoe™~ mice
proved that Thl-skewed immune reactions participate in the for-
mation of atherosclerosis (4). Thl cells were dominant in early
phases of atherosclerosis (5). Dendritic cells (DC),? the most po-
tent APC, initiate innate and acquired immune responses (6). After
treatment with LPS plus cytokines, DC secrete large amounts of
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IL-12 and IL-18, both of which are expressed in atherosclerosis
lesions, which augment IFN-vy production (7, 8). Although their
developmenta] pathways are quite complex, one DC population
differentiates directly from monocytes (monocyte-detived DC) and
migrates into endothelial cells using specific chemokine receptors
(9), which suppose its tight involvement in the plaque formation
similar to monocytes or macrophages. Recent investigations have
revealed the presence of DCs at atherosclerosis-related lesions,
especially at sites proze to rupture (10, 11).

Whether activated platelets attached to an atherosclerotic lesion
influence plaque formation has not yet been elucidated (12). By
releasing adhesive ligands, platelet-derived growth factor, or
B-amyloid precursor proteins, platelets can provoke activation of
APC (1, 13). Platelets express CD40 ligand (CD40L) after stim-
ulation by thrombin (14). The role of CD40L in the progression of
atheromatons plaque is of particular interest, as many recent re-
ports indjcate the presence of CD40 on the surface of atheroma-
related cells, such as endothelial cells, macrophages, and smooth
muscle cells (15). As the CD40-CD40L interaction is important in
the progression of atherosclerosis (16) as well as plaque Tupture
mediated by increased matrix metalloprotease production from
macrophages and T cells (17}, interruption of CD40L binding to
CD40 recepiors or inhibition of CD40L expression on platelets
may be a new therapeutic strategy to prevent progression of ath-
erosclerosis and atheroma rupture. The function of DC is mediated
by CD40 ligation by CD40L (18). Recently, Hilf et al, (19) re-
ported that human platelets inhibited DC activation in the presence
of heat shock protein and suggested that a Jow concentration of
platelets was a reason for failed DC activation.

We have focused on the direct interaction between platelets and
DC. Several groups have proposed that the mechanism of in vivo
platelet activation might not be the same as that of platelet acti-
vation jnduced by chemical agonists such as thrombin (20). In-
deed, multiple receptor-ligand interactions, including many plasma
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and matrix proteins with their corresponding platelet surface re-
ceptors, are involved in the process of platelet activation after in-
teraction with subendothelial matrix exposed at sites of endothelial
damages (21, 22). Von Willebrand factor (VWF) and its interac-
tion with platelet receptors, gpIb/TX and gpllb/Tila, are particularly
important, especially at sites exposed to high shear stress (12, 20,
21, 23). Previous reports clearly demonstrated the appearance of
immune-related proteins, such as CD40L and P-selectin, on the
surface of platelets after exposure to a high shear stress (23, 24). In
the present study we clarified the rofe of activated platelets after
exposure to high shear stress on maturation and cytokine produc-
tion of monocyte-derived DC. DC are currently recognized not
only as immunogenic but also as tolerogenic when they are in
immature or semimature stages (25). These opposite paths are de-
termined by the release of proinflammatory cytokines, such as
IL-12 or IL-10. Mature DC in general, through the production of
11.-12, are inducers of Thl immune effectors, whereas immature or
semimature DC induce Th2 immune effectors (26). Thus, key ¢y-
tokines (IFN-y for Th1, IL-5 for Th2) which are produced from
naive T lymphocytes after stimulation with platelet-activated DC
were examined, . ‘

Materials and Methods _
Blood sample preparation and shear-induced platelet activation

Blood was collected from 10 healthy adult donors who abstained from the
use of drugs known to interfere with platelet function, such as NSAIDs.
Blood was immediately treated with trisodium citrate or with the specific
thrombin inhibitor PPACK to keep physiologic concentrations of divalent
cations. Platelet-rich plasma was separated by centrifugation at 100 X g for
15 min. Platelets in 400 g of platelet-rich plasma were exposed to a high
shear rate of 10,800 s7* for 6 min in an optically modified cone-plate
viscometer (20), the shear rate previously shown to induce VWF-gpIb/IX-
mediated platelet activation (20, 23, 24). Shear-induced platelet aggrega-
tion was blocked by the specific anti-gplIb/Ila agent tirofiban, enabling
detection of CID40L and P-selectin molecules expressed on single platelets
as we previously reparted (24). Umbilical cord blood (UCB) was obtained
with written informed consent after approval by the human subjects com-
mittee of Tokai University Hospital.

Effects on DC maturation

Mononuclear cells (MINCs) were separated from blood samples by Ficoll-
Hypaque density (1.077 g/dl) gradient. CD14% cells were isolated from
MNCs using MACS CD14 immunomagnetic beads (Miltenyi Biotec,
Gladbach, Germany), followed by a MACS-positive selection column
(Miltenyi Biotec), DC were induced from CD14™ cells by culture for 7
days in RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO) containing
10% FCS8 (Life Technologies, Gaithersburg, MD) and supplemented with
GM-CSF (100 ng/ml; a gift from Kirin Brewery, Maebashi, Japan), and
IL-4 (10 ng/mi; a gift from Cno Pharmaceutical, Osaka, Japan)

DC were then incubated with platelet samples. In all experiments plate-
lets were prepared from 10 m] of heparinized human blood and adjusted to
a 200~ final volume. Addition of 100 and 10 gl corresponded to 1000 and
100 for the platelet to DC ratio, respectively. Positive and negative controls
for DC maturation were obtained by culture in the presence or the absence
of LPS (100 ng/ml; Sigma-Aldrich) and IFN-y (1000 U/ml. Shionogi,
Osaka, Japan). The level of DC maturation was checked by double-im-
munoflucrescence staining using FITC-anti-CD1a mAb (DAKO, Glostrup,
Denmark)PE-anti-CD83 mAb (Immunotech, Marseilles, France), and
FITC-anti-CD80 mAb (Immunotech)/PE-anti-CD86 mAb (Immunotech).
In additional experiments, anti-CD40L mAb {Ancell, Bayport, MN) was
added together with activated platelets to test the role of CD40L on DC
maturation. The efficacy of mAb was confirmed by inhibition of the mat-
uration effect by CD40L transfectant (CD40L; provided from Dr. Schultze,
Dana-Farber Cancer Institute, Boston, MA). In the next experiment, plate-
lets were placed in the chamber of a Transwell insert with high density-
sized pores (BD Bioscienices, San Jose, CA), which prevented direct con-
tact between platelets and DC. Plasma, after depletion of shear-stressed
platelets by centrifugation (10,800 5™, 6 min), or plasma without any
treatment was added. In the next experiment, protein components among
these plasma samples, after depletion of shear-stressed platelets, were de-
pleted by ethanol precipitation, then added to immature DC. :

PLATELETS INDUCE IL-10-PRODUCING DC

Effects of platelets afier shearing on production of cytokines
Jrom DC

Immature DC were washed extensively and replated at a density of 10%
96-well, flat-bottom plates with 10% FCS containing RPMI 1640, These
DC were cultured for 48 h with or without the addition of platelets exposed
to a high shear rate in the presence or the absence of LPS (10 ug/ml) plus
IFN-y (1000 U/ml). The culture supematant was harvested and examined
for the quantity of IL-10 and IL-12p70 by ELISA (Immunotech)

Effects of sheared and nonsheared platelets on the proliferation
of allogeneic naive T lymphocytes in response to DC and on
cytokine production
UCB-MNCs, depleted of CD14™ cells by MACS column separation, were
added at & X 10%well to 96-well, round-bottom plates as responders. Im-
mature DC, DC matured by LPS and IFN-y, and DC incubated with plate-
lets exposed or not exposed to a high shear stress were serially diluted after
radiation (15 Gy} and added as stimulators. The cells were cultured for 6
days in RPMI 1640 with 10% pooled human sera, then counted for their
proliferative activity by the PH]thymidine uptake test. Simultanecusly, the
culture supemnatant was harvested from the cultured wells of immature,
LPS- and IFN-y-treated DC, or DC incubated with 100 ul of platelets as
stimulators and examined for the content of cytokines (IFN-y and IL-5)
using a cytometric bead armay (CBA) kit (BD Biosciences). .
Naive T cells after incubation with DC were cultured for another 4 days
in the presence of IL-2 (20 U/ml; Shionogi), incubated with 20 gg/ml PMA
(Sigma-Aldrich) and 10 pg/mi tonomycin (Sigma-Aldrich) for 5 hin the
presence of brefeldin A (Sigma-Aldrich) and permeabilized, and the intra-
cellular expression of IFN-y and IL4 was examined using FITC-JFN-y
and PEIL-4 (BD Biosciences) by flow cytometry. Also, the cultured cells
were extensively washed and replated at a density of 10%200 ul in the
presence of PMA/ionomycin, and their supernatant was harvested 16 h
{ater to examine the cytokine (IFN-v, IL~4, IL-3, and IL-10) concentrations
using a CBA kit.
Statistical analysis

All numerical data are expressed as the mean * SD unless otherwise spec-
ified. The difference between two groups of data was tested by Student’s
paired I test or unpaired ¢ test. A value of p < 0.05 was considered sta-
tistically significant.

Results

Platelet surface expression of CD40L and P-selectin after
exposure to & hgh shear rate

The numbers of platelet-expressing CD40L and P-selectin as well
as the mean number of CD40L. and P-selectin molecules expressed
on the platelet surface were calculated according to a previously
described procedure (20, 24). Quantitative analysis revealed that
the mean number of anti-CD40L and anti-P-selectin IgG mole-
cules bound per platelet increased from 17 = 156 and 34 + 148/
platelet before to 388 + 331 and 1122 * 554/platelet after shear-
ing (both p < 0.01). These results represent the appearance of
CD4OL and P-selectin, not representing the nonspecific increase in
nonspecific Ig@ binding to activated platelets, because the number
of isotype-matched megative control Ab against thyroglobulin
{T-7v) did not increase even after exposure to the same shear stress
(24). Shear-induced CD40L and P-selectin expression was medi-
ated by VWF-gpIb/IX interaction because mAb blocking VWF-
gpIb/IX interaction, both anti-gpIb/TX and VWF, completely in-
hibited shear-induced platelet surface translocation of those
molecules (24).

Effects of platelets on DC maturation

As shown in Fig. 1, immatare DC started to express cell surface
markers specific for matured DC, CD80, CD83, and CD86 after
being cultured with platelets exposed to a high shear rate. Further-
more, the enbancing effect was dose dependent. However, no mat-
uration was observed when DCs were incubated with platelets not
exposed 10 shear, Stimulation with LPS and IFN-vy significantly
enhanced surface expression of CD83, CD80, and CD®86 compared
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FIGURE 1. Profiles of DC maturation markers. A, DC were induced
from CD14™ monocytes using GM-CSF and IL4, then cultured as imma-
ture DC (imDC), matured with LPS and IFN-y. or added with platelets not
exposed (shear (—) plt) or exposed to high shear stress in serial dilutions
(pI/DXC ratio, 1000 and 100) for 48 h. Maturation of DC was detected by
CD1a, CTI83, CDB0, and CPB6 expression by double-immunofluorescence
staining. B, Immature DC were incubated with platelets (pivDC matio,
1000) or CD40L transfectant in the absence or the presence of anti-CD40L
mAb (20 pg/m!) for 48 h. Maturation of DC was detected by CD1a, CDS3,
CIR0, and CID8S expression by double-immunofluorescence staining,

with no stimulation (Figs. 1 and 2; p < 0.01). Also, a statistically
significant difference (p < 0.05) in Ag (CD&3, CD80, and CD86)
expression was found between DC without and with platelet ad-
dition (platelet/DC ratio, 1000). Unexpectedly, mAb to CD40L did
not significantly neutralize the enhancing effect of platelet-induced
Ags (Fig. 1B), whereas it prevented an up-regulation of CDS3,
CD80, and CD86 Ags by CD40L expressed feeder cells. As shown
in Fig. 34, platelets could still up-regulate the expression of CD86
Ag, even if cell-to-cell contact was avoided using the Transwell
insert. Furthermore, plasma, after depletion of shear-stressed plate-
lets, could still show matuvration-enhancing effects, as shown in
Fig. 3B. Plasma without shearing did not have such a maturation
effect. As shown in Fig. 4, these DC maturation effects were com-
pletely abrogated after depletion of the protein fraction.

Effects of platelets on IL-10 and IL-12 production

Untreated DC did not significantly produce either IL-10 or IL-12,
as revealed by ODs showing almost the lowest level of detection,
As shown in Fig. 54, addition of platelets slightly induced IL-10
production, whereas no IL-12 production was observed. In the
presence of LPS and IFN-y, platelet addition did not influence
IL-12 production, but significantly enhanced IL-10 production
(Fig. 5B). As a result, DC exposed with LPS and [FN-y plus plate-
lets showed comparable levels of IL-12 and IL-10 production,
CID4OL mADb did not affect the enhancement of TL-10 production
by activated platelets (data not shown).

Effects of platelets on proliferation of allo-T lymphocytes and
cylokine production from T lymphocytes

As shown in Fig. 6, the magnitude of allogeneic naive T cell pro-
liferation was highest when they were stimulated with DC matured
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FIGURE 2. Difference in frequencies in surface markers specific for DC
maturation and effect of anti-CD40L mAb, A, DC were generated as de-
scribed in Fig, 1, Differences in each marker (CD20, CD83, and CDS6)
among immature DC, LPS- and IFN-y-treated DC, and DC incubated with
platelets (platelet (pltyDXC ratio, 1000) after exposure to high shear stress
were compared. B, Anti-CDAOL mAb (20 pg/ml) was added together with
plt (plvDC ratio, 1000). The mean + SD of 10 experiments (samples} are
presented, and statistically significant differences are indicated (*, p <
0.05; »=, p < 0.01).

by LPS and IFN-v. Although the magnitude was not as prominent,
DC after platelet addition (platelet/DC ratio, 1000) significantly
promoted allo-naive T cell profiferation. No significant prolifera-
tion was observed when T cells were stimulated with DC cocul-
tured with nonsheared platelets or immature DC, Control platelets
did not show any effect of proliferation (data mot shown). As
shown in Fig. 6, none of the DC samples provoked syngeneic T
lymphocyte profiferation. .

As shown in Fig. 7, T lymphocytes after incubation with LPS-
and IFN-y-matured DC produced IFN-y, whereas no significant
production was obtained when they were cocultured with platelet-
matured DC or immature DC. IL-5, one of the main Th2 cytokines,
was produced in low conceatrations from mixed cultures with im-
mature DC, LPS and IFN-v, or platelet-matured DC. As shown in
Fig. 8, CD4" naive T lymphocytes after incubation with platelet-
matured DC exhibited much lower intraceltular expression of
IFN-7 than those stimulated with LPS and IFN-y/DC. However,
the levels of the other cytokines (IL4, IL-5, and IL-10) were
equivalent in T cells preactivated with LPS and IFN-y/DC and
those with shear-stressed platelets,

Discussion

The roles of platelet-derived molecules, including platelet-derived
growth factor (1), integrins (1), P-selectin (27), and platelet-de-
rived microparticles (28), in regulating local inflammatory re-
sponse have been investigated We have demonstrated that the
proteins known to interact with leukocytes, P-selectin and CD40L,
wete surface translocated by high shear rate conditions, even in the
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FIGURE 3. Indirect contact between DC and platelets after high shear
stress. A, Platelets after high shear stress were placed in the chamber of a
Transwell insert with high density-sized pares, which prevented direct con-
tact between platelets (plt) and DC. Under the chamber, DC were cultured
for 48 h, and their surface marker expression was compared before and
after the addition of platelets, B, Plasma before and after depletion of
shear-stressed platelets or plasma without any treatment was added to im-
mature DC, and their surface marker expression was analyzed.

absence of any known platelet-activating agent, such as ADP or
thrombin. P-selectin, but not CD40L, plays a role in the physical
interaction between flowing leukocytes and collagen-adherent
platetets (29). By contrast, CD40L plays functionally important
roles in the maturation of DC, resulting in specific Ag expression,
atlo-T cell proliferation, and cytokine production (30). These re-
sults suggested that platelets play important roles in the regulation
of a local inflammatory response at sites exposed to high shear
stress by trapping monocytes that can be tramsformed to DC and by
inducing their maturation through stimulation of the CD40 recep-
tor by surface-translocated CD40L. Although CD40I. surface
translocation can be induced by platelet activation by soluble ago-
nists such as thrombin (14, 31), these are not likely to play im-
portant roles in vivo, because high concentrations of soluble ago-
nist are not likely to exist in vivo, especially in the presence of
blood flow. VWF-gpITX-mediated platelet CD40L expression is
more fikely to occur at sites exposed to arterial blood flow condi-
tions geperating high shear rates, as animal experiments clearly
demonstrate the crucial role of this interaction in arterial throm-
bosis (32). Simitar VWF-mediated CD40L expression is likely to
occur on platelets interacting with exposed subendothelial matrix,
such as collagen, because VWF has specific collagen binding sites,
and the VWF-gpIb/IX interaction plays a crucial mole in platelet
thrombus formation on collagen (21, 33).

We clearly demonstrate that immature DC become mature when
they are incubated with platelets after exposure to high shear
stress. DC matured with platelets expressed all CD&3, CDRO, and
CD86 Ags at a significantly high level compared with those with-
out maturation. IL-12 production from immature DC was oot en-
hanced by the addition of shear stress-activated platelets. 1L.-10

PLATELETS INDUCE IL-10-FRODUCING DC
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FIGURE 4. Effect of protein depletion. Immature DC were left un-
treated or were incubated with LPS and IFN-y, with plasma after depletion
of shear-stressed platelets (plasma without plt), or with protein-deprived
solution from these treated plasma (protein dep.) Maturation of DC was
detected by CD1a, CD&3, CD89, and CI86 expression by double-immun-
ofluorescence staining.

production was promoted by platelet addition in the absence and
the presence of LPS and IFN-y. As a result, naive T cells after
stimulation with platelet-matured DC did not acquire the ability to
produce the Thl cytokine, IFN-y, whereas they maintained IL-5
production. Gatti et al, (34) applied fixed activated platelets to
Langerhans cells, which were activated by CD40L on platelets. In
contrast, our results have shown that CD40-CD40L interaction did
not play an important role in maturation of DC, as revealed by
mADb blocking tests. Henn et al. (31) reported that CD40L. ex-
pressed on the platelet surface is transient and is cleaved to a sol-
uble form after stimulation by soluble agonists, although no solu-
ble CD40L, Ag was detected in culture supernatant of DC after
exposure to high shear stress by ELISA (data not shown). Hilf et
al. (19) recently reported that thrombin-activated platelets ex-
pressed beat shock protein (gpS6) receptors and down-regulated
GpY6-mediated DC maturation. They also observed an effect of
platelets on DC without Gp®6 maturation, but in contrast to our
results, neither a change in surface Ags nor enhanced IL-10 was
observed. The ratio of platelets to DC (20:1) was far less than that
in our experiment {100:1 to 1000: I), which might be a reason why
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FIGURE 8. Production of cytokines from DC. Immature DC were
washed extensively and replated at a density of 10°/96-well, flat-bottom
plate with 10% FCS containing RPMI 1640. These DC were cultured for
48 h with or without the addition of platelets exposed to high shear in the
absence (A) or the presence (8) of LPS (10 ug/ml) plus IFN-vy (1000 U/mi).
The culture supernatant was harvested and examined for the quantities of
1110 and IL-12p70 by ELISA, The mean * SD of 10 experiments are
shown, and statistically significant differences are indicated (v, p < 0.05).
Although not shown in this figure, DC with no treatment were not capable
of cytokine production.
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FIGURE 6. Allogenic and syngeneic T cell stimulation. Alfogeneic
UCB-MNCs {Allo-MLR} or syngeneic adult-MNCs (AutoMIR), depleted
of CD14* cells by MACS column separation, were added at 6 X 10%well
to & 96-well, round-bottom plate as responders. Immature DC, DC matured
by LPS and IFN-y, and DC incubated with platelets exposed or not ex-
posed to high shear were serially diluted after radiation (15 Gy) and added
as stimulaters. The cells were cultured for 6 days in RPMI 1640 with 10%
pooled human sera, then proliferative activity was determined by the
(Hlthymidine uptake test. Representative data are shown as the mean +
8D of triplicate wells. »+, p < 0.01 compared with immature DC.

discrepant results were obtained. The functionally important roles
of platelet-expressed CD40L in local inflammation and progres-
sion of atherosclerosis suggest that drugs inhibiting platelet
CDAQL translocation might prevent atherosclerosis. However,
contrary to our initial hypothesis, our results clearly prove that
soluble factors, other than CD40L, excreted from platelets after
shear stress, including many of the candidate materials released
from a granule, such as soluble P-selectin (27), and those released
from dense granule, such as ADP (35), might contribute to matu-
ration of DC. To differentiate whether the soluble factor made by
platelets is lipid or protein, protein fraction was depleted by simple
methods of ethanol precipitation. This resulted in the total disap-
pearance of maturation effects or promation of IL-10 production in
the presence of LPS apd IFN-vy (data not shown). Activated plate-
lets make abundant lysophosphatidic acid (36—38), a bioactive
lipid mediator that can enhance the secretion of IL-10 from DC
(39). The addition of diacylglycerol pyrophosphate (8:0), which is
a selective antagonist of lysophosphatidic acid (37), did not pro-
duce any newtralization effect.
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FIGURE 7, Effects of sheared platelets on the cytokine production from
naive T lymphocytes. UCB-naive T ¢ells were stimulated with immature
DC. LPS- and IFN-y-treated DC, or DC incubated with sheared platelets
for 6 days, and the supematant of mixed culture wells was examined for
cytokine concentrations using a CBA kit. The mean * SD of 10 experi-
meats are shown, and statistically significant differences are indicated
(*», p < 0.01).
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FIGURE 8. Flow cytometric analysis of intraceliutar cytokine expres-
sion (A) and measurement of cytokine production (B) in allogeneic naive T
cells after short term culture with DC and IL-2. Naive T cells were incu-
bated with DC treated as described in Fig. 6 and were further cultured for
4 days in the presence of IL-2 (20 Ufml). A, Intracellular expression of
IFN-y and IL-4 was examined by flow cytometry. B, Cytokine production
was measured using a CBA kit,

The roles of macrophages and T cells in the progression of ath-
erosclerosis and the onset of atheroma rupture have previously
been established (1). Many immune-related cells, such as chroni-
cally activated CD4™ T cells, exist in atheroma (40). There are
several candidate Ags that mediate specific expansion of T lym-
phocytes, such as viruses or bacteria and endogenous altered Ags,
heat shock proteins, or oxidized low density lipoproteins (41).
Those Ags, if presented to professional APC such as DC, can
guide naive T cells to Thi-type immune effectors. Actually, CD4™
T cell clones in human atherosclerotic lesions specifically respond
to oxidized low density lipoproteins in an HLA class Il-restricted
manner (41). In the present study we focused on DC, which are
demonstrated to be in atheroma (10, 11); their role in atheroscle-
rosis was clarified in chronic inflammation related 16 infection by
Chlamydia pneumoniae (42), whereas their important roles in im-
mune regulation need to be studied (6). In the case of Chlamydia
infection, host APCs, especially DC, accumulate at infected endo-
thelial cells, take up bacterial Ags, and produce inflammatory cy-
tokines such as IL-6, TNF-y, or IL-12/18, which accelerate ath-
erosclerosis (42). IL-12 and IL-18 cause Ag-specific CD4™ T cells
to secrete IFN-y, which is proinflammatory and proatherogenic (7,
8). Platelets accumulate at damaged endothelia] cells and are then
activated through a gpIbTX-VWF-mediated interaction, which can
result in [1.-10-producing DC maturation, as shown in the present
study. Those DC may antagonize IFN-y production and thereby con-
fer atheroprotection. In vitro and in vivo studies have shown that
1l -10 suppresses progressive generation of atherosclerosis (43).
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Our study has methodology limitations, particularty in applying
the experimuental results to understand the role of platelets in reg-
ulating local inflammatory responses in vivo. First, we demon-
strated DC maturation in the presence of platelets after exposure to
high shear only in a pure culture system, excluding the effects of
various cellular and protein components in vivo, such as erythro-
cytes. Other important contributors, such as endothelial cells, ex-
tracellular matrix, and complex blood flow conditions, were not
considered in our ex vivo system. Second, we demonstrated plate-
let surface translocation of CD40L and P-selectin only after expo-
sure to homogeneous shear and then could not reproduce the com-
plex shear stress to which platelets are exposed in vivo. Thus, the
amounts of CD40L and P-selectin expression may not be physio-
logic. Although no clinicat data regarding platelet surface CD40L
are available to date, previous studies have shown P-selectin ex-
pression to be induced in a similar manner when platelets pass over
the damaged surfaces, i.e., coronary intervention (44). Thus, we
believe that platelet activation, with P-selectin and CD40L surface
translocation, can be induced by interaction with damaged vascular
surfaces under high shear stress conditions in vivo.

In conclusion, it was demonstrated that platelets, after exposure
to high shear stress, play an important role in DC maturation and
subsequent reactions, including allo-T cell proliferation and cyto-
kine (IL-10) production. Also, the soluble protein factors secreted
from these activated platelets contributed to such DC maturation or
IL-10 production. Recent in vivo works have shown that plate-
tets were involved in increased risk of atherosclerosis (12, 45).
To the contrary, our experimental results suggest that platelets
suppress the progression of atherosclerosis through regulating
the immunological function of DC. These results show nnique,
dual functions of platelets and their important roles to maintain
equilibrium in the context of local inflammatory responses at
sites of vascular injury.
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Ability of Anti-Glycoprotein IIb/IT1a
Agents to Dissolve Platelet Thrombi Formed
on a Collagen Surface Under Blood Flow Conditions
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OBJECTIVES

BACKGROUND
METHODS

RESULTS

We examined the lytic effects of anti-glycoprotein (GP) IIb/TIa agents on platelet thrombi
formed on the collagen surface under blood flow conditions.

Anti-GP IIb/IIIa agents may influence platelet thrombi already formed.

Blood samples were anticoagulated either by the specific antithrombin Argatroban (100 pM)
or by unfractionated heparin (0.1 U/ml). After platelet thrombi were formed on a collagen
surface following 6-min perfusion of whole blood obtained from eight adult donors
containing fluorescinated platelets at a wall shear rate of 1,500 s™*, additional blood samples
from the same donors either containing or not containing ant-GP IIb/IIla agents
(abciximab, eptifibatide, or tirofiban) were perfused on these thrombi. The three-dimensional
structures of the platelet thrombi were continuously observed by laser confocal microscopy
equipped with 2 piezo-electric motor control unit and recorded.

The platelet thrombi started to dissolve after perfusion of blood containing the ant-GP
IIb/TiIa agents, whereas their growth resumed after subsequent perfusion of control blood.
Ouly a single layer of platelets having heights of 3 * 1 um, 3 = 2 pm, and 3 = 1 pm,
respectively, could be seen after 6-min perfusion of blood containing abeiximab, eptifibatide,
and tirofiban, whereas the inidal height of the platelet thrombi of 8 = 2 pum increased to 11
% 4 pm after subsequent perfusion of control blood {n = 8). The volume of the platelet
thrombi, which was 3,352 * 1,045 pm? before starting the second perfusion, was reduced to
778 * 102 pm?®, 812 * 122 um’®, and 856 + 144 pm® after 6-min perfusion of blood

containing abciximab, eptifibatide, and tirofiban, respectively.

CONCLUSIONS
platelet thrombi.
Cardiology Foundation

We have shown in this study that anti-GP IIb/IITa agents possess the ability to dissolve
{J Am Coll Cardiol 2004;44:316-23) © 2004 by the American College of

It is now well known that agents blocking the platelet
glycoprotein (GP) Hb/IIla receptor (integrin ayy,B;) re-
duce the incidence of early thrombotic complications after
angioplasty (1~-8) and prevent death and myocardial
infarction in patients with acute coronary syndromes (8).
Ant-glycoprotein IIb/IIla agents have been reported to
inhibit platelet aggregation induced by chemical activation
(9,10) or by shearing (11), and to inhibit platelet

See page 324

thrombus formation in animal models of endothelial dam-
age (12). In addition to these effects, several previous clinical
and animal studies have reported that the anti-GP TIb/TIIa
agents enhance the reperfusion rate after administration of
fibrinolytic agents and may even induce spontaneous reper-

From the Departments of "Medicine and Physioclogy, Division of Cardiology,
Tokai University School of Medicine, Kanagawa, Japan. This work was supported in
part by a Grnt-in-aid for Scientific Research in Japan (13670744, 13558117,
15590771), a grant from the Science Frontier Program of Ministry of Education,
Science, Sports, and Culture of Japan, a research fund from the Japan Foundation of
Cardiovascular Research, 2 Grant for Advanced Medicine Supported by the Minisay
of Health, Labor, and Welfare (H15-MP-012), 2 grant from Mochida Memorial
Medical and Pharmaceutical Foundation 2001, and a grant from Novartis Foundation
(Japan} for the Promodon of Science 2003, and a grant from the Kanagawz Academy
of Science and Technology Research 2003 {0031004).

Manuseript received October 29, 2003; revised manuscript received January 16,
2004, accepted February 24, 2004,

fusion (13-18), although the effect was not marked when
the dose of fibrinolytic agent was reduced to half (19). These
findings led us to wonder whether anti-GP IIb/IIlz agents
might also have the potential to augment thrombolysis or
induce thrombolysis by themselves, in addition to their
well-known preventive effect on thrombus formation.
Previously, platelet aggregation induced by chemical ago-
nists, such as adenosine diphosphate or thrombin, was
reported to disaggregate when the binding capacity of GP
IIb/TI1a was affected (20,21). However, this experimental
finding may or may not be relevant to the question of
enhanced thrombolysis induced by these agents in vivo,
because the mechanism of platelet thrombus formation in
vivo, especially under high shear stress conditions, might
not be the same as that underlying platelet aggregation in
vitro (22,23). Multiple receptor-ligand interactions, includ-
ing von Willebrand factor (VWF) binding to both GP Iba
and GP IIb/IIla, are involved in the former (22,23),
whereas the latter is exclusively mediated by fibrinogen
binding to activated GP IIb/ITa (9). In the present study,
we found that the ant-GP IIb/TIa agents available for
clinical use, namely, abciximab, eptifibatide, and tirofiban,
not only inhibit platelet thrombus formation on a collagen
surface under blood flow conditions but also have the
potential to dissolve platelet thrombi already formed on the
surface. These results may explain why these anti-GP
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NIH = National Institutes of Health
YWF = von Willebrand factor -

ITb/IHa agents augment the thrombolytic effects of fibrino-
lytic agents or induce spontaneous reperfusion by them-
selves. .

METHODS

Sample preparation. The anti-GP IIb/IIla agents used in
this study were abeiximab (ReoPro; Centocor, Malvern,
Pennsylvania), eptifibatide (Integrellin; Cor Therapeutic,
Inc., San Francisco, California) and tirofiban (Aggrastat;
Merck & Co., Inc., West Point, Pennsylvania), all of which
are avalable for clinical use in many countries (24). Venous
blood from eight normal volunteers abstaining from any
type of medication was drawn through 19-G needles into
plastic syringes containing one-tenth of their volume of the
specific thrombin inhibitor Argatroban (Mitsubishi Kagaku,
Tokyo, Japan) (25) or by commonly used anticoagulant of
heparin. The final concentrations of the anticoagulant used
were 100 uM for Argatroban and 0.1 U/ml for heparin.
Argatroban, instead of the more commonly used anticoag-
ulant citrate, was used for anticoagulation, to avoid pleio-
tropic effects through decreased cation concentration. Hep-
arin, although used commonly in the clinical setting, was
used only to show the relevance of the results obtained with
Argatroban, because it may influence the results by either
activating the platelets or modifying the interaction between
VWF and GPIba (22). Platelets in whole blood were
rendered fluorescent by the addition of mepacrine (Sigma
Co. Ltd,, St. Louis, Missouri), according to a previously
established procedure (25). - 7

Preparation of the flow chamber and visualization of the
platelet thrombi. Acid-insoluble fibrillar type I collagen
from bovine Achilles tendon (Sigma Co.) was immobilized
on a glass coverslip (Corning Inc., Acton, Massachusetts; 24
mm X 50 mm) in a parallel-plate flow chamber (25). The
distance between the two glass plates was fixed at 220 um
by the placement of a silicon gasket. Then, the blood
samples were introduced into the chamber with a syringe
pump {(Harvard Apparatus Co. Ltd., Holliston, Massachu-
setts) at a constant flow rate to achieve a wall shear rate of
1,500 5™, Platelet thrombi forming on the surface of
collagen were visualized with an inverted stage epi-
fluorescence video-microscope system equipped with a
480-nm excitation light source (DM IRB, 1RB-FLUOQ;
Leica, Wetzlar, Germany) (25). The microscopic images
were digitized online with a photosensitive color charge-
coupled device camera (L-600; Leica) and stored as digital
images in a personal computer (Power Macintosh G4;
Apple Co. Ltd.,, Palo Alto, California). To quantify the
percentage surface area coverage by the platelets, the digital
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color images were converted into black-and-white images
using the National Institutes of Health (NIH) Image
software (public domain software by Dr. Wayne Rasband,
NIH, version 1.62), and the percentage surface area cover-

- age by the platelets was calculated.

To detect the effects of anti-GP IIb/ITla agents of
dissolving platelet thrombi formed on the collagen surface,
three-dimensional structural analysis was conducted using
an ultra-fast laser confocal microscope equipped with a
piezo-electric motor control unit (Fig. 1A). Using 2 confo-
cal unit composed of a rapidly rotating disk having 20,000

- pinholes and micro lenses on it (CSU10; Yokogawa Med-

ical Co., Tokyo, Japan), each confocal image could be
obtzined within 10 ms (26). To visualize the three-
dimensional structure of the platelet thrombi formed on the

. collagen surface, the objective lenses were up and down (20

#m/50 s) at a constant speed controlled by a piezo-electric
motor control system, so that scanning images of the
thrombi were obtained. The confocal images were enhanced
using an image intensifier (SRUB GEN III+, Solamer, Salt
Lake City, Utah, and Intermedical Co., Tokyo, Japan), and
the intensified images were stored in a digital video recorder

* (HandyCum; Seny Co., Tokyo, Japan) and transferred to a

personal computer (Power Macintosh G4, Apple Co. Ltd.).
Three-dimensional projection images of the thrombi were
obtained using shareware NIH images, as previously re-
ported (26). For quantification, the cross-sectional area
covered by platelets was calculated at the base and 3, 6, and
9 pum above the base of the platelet thrombi. The results
were expressed as a percentage of the area covered at the
base of the thrombi. The volume of the platelet thrombi was
calculated by z-section integration of the cross-sectional
area in each micrometer.

Experimental protocol. Experiments were performed as
described in Figure 1B and its legend. Briefly, 15 ml of
blood samples either containing or not containing anti-GP
IIb/Ta agents at concentrations sufficient enough to inhibit
platelet thrombus formation on the collagen surface (abcix-
imab: 10 pg/ml; eptifibatide and tirofiban: 0.5 pM) was
perfused on the same collagen surface on which platelet
thrombi were already formed by the initial 15 ml of control
blood perfusion. The second perfusion, of blood either
containing or not containing the anti-GP ITb/ITlx agents,
was started immediately after the first perfusion was com-
pleted, without stopping the blood flow, to avoid the falling
of leukocytes onto the platelet thrombi because of gravity, as
it is speculated that the presence of leukocytes may influence
the stability of the platelet thrombi. The three-dimensional
structures of the platelet thrombi were assessed every 50 s by
the three-dimensional imaging technique described earlier,
All the experiments were performed at room temperature,
controlled between 22°C to 26°C.

Statistical analysis. All numerical results were presented as
mean * 3D, unless otherwise stated. The effects of various
concentrations of the three anti-GP IIb/IIla agents under
study on the percentage surface area coverage by the
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Figure 1. Experimental protocol. Fifteen ml of blood anticoagulated cither
by Argatroban or heparin containing platelets rendered fluorescent by the
addition of mepacrine was perfused in a parallel-plate fiow chamber
composed of two glass plates, one of which was covered by immobilized
type I collagen. A perfusion of an additional 15 ml of blood obtained from
the same donors and treated by the same procedure, containing or not
containing one of the anti~glycoprotein (GP) IIb/ITla agents, was imme-
diately started to perfuse on the same collagen surface for the same length
of time {B). The two-dimensional and three-dimensional structures of the
platelet thrombi formed on the collagen surface were continually assessed
by fluorescence microscopy ar by a laser confocal microscope controlled by
a piczo-clectric motor control system (A). In a laser confocal imaging
system, the platelet thrombi were scanned from the bottom to the top (a)
at a constant speed by controlling the position of objective lens (a} by
piezo-motor control unit. Then, the scanning confocal images were
projected from the top to the bottom at every 5° to obtain three-
dimensional projoction images, including projections from the top, 45°
position from the horizontal axis and the side of the platelet thrombi,
which are shown in Figures 3 and 4. The maximum height of the platelet
thrombi {h} was calculated based on the projection image from the side of
the platelet thrombi.
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Figure 2, Effects of anti-glycoprotein (GP) IIv/IITa agents on platelet
thrombus formation on the collagen surface under blood flow conditions.
Fifteen ml of blood containing fluorescent platelets were perfused on the
collagen surface for 6 min, cither in the presence or absence of the anti-GP
IIb/Il1a agents abciximab, eptifibatide, and tirofiban at the final concen-
trations shown in the figure. The resulis shown represent the mean and
standard deviation of the eight sets of replicated experiments. The * and
™ indicate values significantly lower than those in the ahsence of the

.anti-GP IIb/ITTa agents with the p value <0.05 and <0.01, respectively.

platelets were tested by two-way analysis of vardance. The
effects of the second perfusion of blood containing one of
the various anti-GP IIb/Illa agents on the volume and
maximum height of the platelet thrombi already formed
were also tested by one-way analysis of variance. The
differences between groups of data were assessed by
Newman-Keuls test. A p value of <0.05 was considered to
denote statistical significance.

RESULTS

Effect of anti-GP IIb/IIla agents on platelet thrombus
formation on the collagen surface. All the ant-GP b/
Hla agents tested in our study inhibited platelet thrombus
formation on the collagen surface in a dose-dependent manner
no matter whether blood was anticoagulated with Argatroban
or heparin (Fig. 2). There were no statistically significant
differences between the effects of abciximab and eptifibatide, or
between those of eptifibatide and tirofiban. On the other hand,
the percentage surface area coverage of 7.7 + 2.6% achjeved
with tirofiban at a dose yielding the maximum inhibitory effect
(0.5 uM) was significantly higher than that of 4.6 + 2.2%
achieved with the maximum inhibitory dose of abciximab
(10 pg/ml; p < 0.05). Only onc layer of attached platelets,
without z-section growth mediated by platelet cohesion, was
observed after perfusion of blood containing abciximab
(10 pg/mi), eptifibatide (0.5 pM), or tirofiban (0.5 pM),
whereas three~-dimensional growth mediated by platelet cohe-
sion was observed in the absence of these agents (Fig. 3).
Effect of anti-GP 1Ib/IIla agents on platelet thrombi
formed on the collagen surface. Soon after blood contain-
ing any one of the anti-GP IIb/Illa agents began to be
over the collagen surface where platelet thrombi had
formed, the thrombi started to dissolve no matter whether
blood was anticoagulated by Argatroban or heparin. On the
other hand, the platelet thrombi continued to grow after
subsequent perfusion of blood not containing any of the
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Figure 3. Effects of anti-glycoprotein (GP) IIb/ITa agents on three-dimensional platelet thrombus growth on the collagen surface. Experiments were
performed as described in the fegend for Figure 2, but the platelet thrombi were visualized by laser confocal microscopy. The projection images from the
top (A), 45" position from the horizontal axis (B), and the side {C) are shown. Three-dimensional platelet thrombus growth occurred in the control group
(left pancl), whereas only a single layer of attached platelets was seen in the presence of any of the anti-GP IIb/1l]a agents tested (10 #g/ml abeibxamab,
0.5 uM eptifibatide, and tirofiban). The results shown are representative of the results of eight replicated experiments. The results with eptifibatide were
similar to those obtained with abciximab and tirofiban, but are not shown because of space limitation, There were no differences in the results when the
blood was anticoagulated by heparin. For the accompanying videos corresponding to Figure 3 (Videos 1, 2, and 3), please sce the July 21 issue of J4CC

at www.cardiosource.com/jacc.html,

anti-GP ITb/IHa agents. Not only single platelets, but also
masses of platelet thrombi became detached from the body of
the thrombi when blood containing an anti-GP IIb/ITa agent
was perfused. Three-dimensional analysis of the thrombi
revealed that both the height and the volume of the platelet
thrombi began to decrease owing to dissolution of platelet
cohesion (Figs. 4 and 5). The maximum height as well as the
volume of the platelet thrombi immediately before and after
completion of perfusion of blood containing one of the
anti-GP IIb/Illa agents, abcisimab (10 ug/ml), eptifibatide
(0.5 puM), or tirofiban (0.5 M), are summarized in Table 1.
Indeed, the maximum height of the thrombi and their volume
decreased significantly after 6-min perfusion of blood contain-
ing one of the anti-GP It/IIla agents.

Three-dimensional imaging revealed only a single layer of
platelets remained after 6-min perfusion of blood contain-
ing one of the anti~GP ITb/IIla agents (Fig. 5). There were
no differences in the effects on the platelet thrombi among
abciximab, eptifibatide, and tirofiban.

DISCUSSION

Anti-GP IIt/ITa agents were developed as antiplatelet agents,
based on the premise that they would block platelet aggrega-
tion (7-9). Clinical experiences, as well as animal experiments,

have demonstrated that early reperfusion of coronary arteries
can be induced by the administration of ant-GP IIb/ITla
agents, regardless of whether or not fibrinolytic agents were
also adminjstered concomitantly (13-19). We showed that the
widely used GP IIb/Illa antagonists abciximab, eptifibatide,
and tirofiban have the potential to dissolve platelet thrombi
formed on a collagen surface. We postulate that the effect of
these agents of dissolving platelet thrombi already formed, in
addition to their preventive effect on de novo platelet thrombus
formation, contributes to the reportedly augmented thrombo-
lytic effects observed when these agents are administered in
combination with fibrinolytic agents, and to the increased rate
of reperfusion achieved when these agents are used alone
(13-19).

Unlike in the case of platelet aggregation induced by
chemical agonists, which is known to be mediated exclu-
sively by fibrinogen binding to activated GP IIb/Illa,
platelet thrombus formation on the collagen surface require
stimulation of several platelet receptors induced by their
binding of the corresponding ligands, including the GP
Iba-VWF interaction (27-29), GP IIb/Illa ligation by
plasma proteins including fibrinogen and VWF (27-29),
P2Y, and P2Y,, stimulation by adenosine diphosphate
released from activated platelets (30,31), are involved in
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Figure 4. Effect of anti-glycoprotein (GP) Ib/Ia agents on the dissolution of platelet thrombi formed on the collagen surface. The experiments were performed
as described in the legend for Figure 1B. Blood anticoagulated with Argatroban either containing or not containing anti-GP Hb/IlTa (abcidmab: 10 pg/ml,
eptifibatide: 0.5 M, tirofiban 0.5 uM) was pesfused on the collagen surface on which platelet thrornbi had already formed as a result of previous perfusion of
control blood. The three-dimensional projection images of the platelet thrombi (the projection images from the top [A], 45 position from the X wds [B), and the
side [C]} before and after the second perfusion of blood containing (II) or not containing one of the anti-GP ITh/ITla agents of abcbdmab (I) are shown in the
left and right panel of T and II. The results are representative of those of eight replicated experiments. No differences in effects were observed among the three
anti-GP IIb/IT2 agents tested. No differences in the effects of anti-GP IIb/I1Ia agents were observed when blood anticoagulated with heparin was used. For the
accompanying videos comresponding to Figure 4 (Videos 4, 5, 6, and 7), please see the July 21 issue of JACC at www.cardiosource.com/jace.html.
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Figure 5. Effect of anti-glycoprotein (GP) IIb/Ila agents on platclet
thrombi formed on the collagen surface, The experiments were performed
in a manner similar to that described in the legend for Figures 1 and 4. The
three-dimensional structure of the platelet thrombi formed on the collagen
surface after 6-min perfusion of blood on the collagen surface at 1,500 57!
was quantified by calculating the cross-sectional areas of the platelet
thrombi using the National Institutes of Health image software at every 3
um from the collagen surface. The results are expressed as a percentage of
the largest cross-sectional arca obtained at the collagen surface level. The
results shown are the mean and standard emror of eight replicated
experiments. Similar results were obtained in the condition when blood was
anticoagulated by heparin.

platelet cohesion under high shear stress conditions. Al-
though numerous receptor-ligand interactions, such as the
initia] tethering mediated by VWF-GP Iba interaction,
may play a role in the formation of platelet thrombi, our
present findings suggest that GP IIb/IITa ligation is re-
quired for stable platelet cohesion because only platelet
bound with platelet, but not with the matrix surface was
susceptible to the second perfusion of blood containing one
of the anti-GP IIb/Illa agents. Further studies using our
assay system, including the clarification of the relative
importance of other factors, such as CD40 ligand (32) and

.P-selectin (33), are under way.

Possible mechanism, We propose the following mecha-
nism to explain how platelet thrombi are dissolved by
anti-GP IIb/ITa agents (Fig. 6); however, please note that
the mechanism shown in Figure 6 is purely speculative.
First, we speculate that the binding of crucial ligands,
whether VWF or fibrinogen, is reversible; therefore, ligand
molecules can be replaced by anti-GP IIb/I1la agents when
thrombi are perfused with blood containing these agents.
Platelets begin to get detached from the thrombi when the
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Table 1. Effects of Subsequent Perfusion of Blood Containing One of the Anti-GP ITb/ITIa

Agents on the Height and the Volume of the Pre-Existing Platelet Thrombi*

Before the After the Second Perfusion$
Second
Perfusiont " Control} . . Abciximab  Eptifibatide  Tirofiban
Height of thrombi (jem) 82 15+4- Ixy 3x2) 3+
Volume of thrombi {um® 335221045 = 74501825 778> 102) 812 122 856 = 144)|

*The height and the volume of the platelet thrombi before and after the second pesfusion of blood contining or not containing
abcidmab (10 pg/ml), eptifibatide (0.5 wM), or tirofiban (0.5 #M) are shown. 1Values immediately before the commencement

of the second perfusion, $After completion of the sccond perfusion of blood not containing any of the anti-GP IIh/TITz agents.
§Values after completion of the sccond perfusion of blood contiining any one of abchdmab, eptifibatide, or tirofiban, [Indicates
that the difference compared with the value determined before the sécond perfusion was significant. ’

GP = glycoprotein,

crucial number of ligand molecules necessary to miaintain
the integrity of the thrombi is replaced by anti-GP ITb/ITIa
agents, and the power generated by the binding of ligands to

GP IIb/Ila is no longer sufficiént to resist the shear force”

generated by blood flow. Other adhesive proteins, including
P-selectin (33) and CD40 ligand (32), may be involved in
stabilizing platelet thrombi, but their roles were not inves-
tigated in the present study. ;T . -

Advantages and limitation of our methods. Qur newly
developed three~dimensional analysis system depended on the’
unique features of the confocal microscopy system (26). How-
ever, there were still obvious methodological limitations in our
assay system, especially when seeking to apply the experimental
results to understand the events in vivo. Obviously, we could
not reproduce the complex in vivo arterial flow conditions (34)

in our flow chamber system. Under the complex flow condi-

tions prevailing in vivo, including low, high, or changing shear

1. Ligand Binding to Activated
GP Ilb/M1a is Reversible.

\
AN

ﬁbﬁy

ﬁbrinogy.>"—

L)

2. Ligands Are Replaced by
Anti-GP IIb/11fa.

N

---i-:a‘té"u:g(_‘md‘iﬁons, the 'ability of ant-GP Ib/Illa agents to
- dissolve platelet thrombi might be greater or lesser than that

shown in our experiments. We also conducted the experiments
at room temperature rather than at body temperature (37°C),
mostly because the thrombi were more prominent, and the
volume of blood necessary for thrombus formation was smaller
at room temperature (28). Nevertheless, the important message
that anti-GP ITb/I1la agents can cause dissolution of platelet

- thrombi by adversely affecting platelet cohesion is not likely to

“be influenced by these methodological limitations.

One might argue that the ability of anti-GP IIb/ITla
agents to dissolve platelet thrombi in vivo might be weaker
than that shown in our experiment, because fibrin forma-
tion, which plays a crucial role in stabilizing thrombi, was
inhibited under our study conditions. The mass of platelet
thrombi detached from the body of the platelet thrombi we
have detected herein, might also be unstable without fibrin

3. Platelet Thrombi
Start to Dissolve.
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Figure 6. Speculative mechanism explaining the thrombus-dissolving effects of anti-glycoprotein (GP) Ib/111a agents. This figure summarizes the possible
mechanism by which anti~GP Ib/I1a agents dissolve platelet thrombi formed on a collagen surface, although it is not elear whether von Willebrand factor

{VWF}, in addition to fibrinogen,

also plays some role in stabilizing plateler thrombi.

When blood containing one of the anti-GP IIb/Illa agents began

to be perfused, ligand bound with activated GP IIb/ITTa was replaced by the anti-GP 1Ib/ITa agent. Parts of the platelet thrombi started to become detached
when 2 certain number of ligands were replaced by anti-GP ITb/I11a and the strength of the GP ITb/I1a ligation was no longer sufficient to support the

integrity of the thrombi. Details are explained in the *Discussion® section.
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and may dissociate into small agpregates incapable of
embolization. Nonetheless, our experimental results might
have in vivo relevance because anti-GP IIb/IIIa agents tend
to be used in combination with anticoagulant and throm-
bolytic therapy, which dissolve fibrin net. Indeed, we have
shown that the dissolution effects of anti-GP IIb/IIla agents
could still be seen when blood was anticoagulated by
heparin at concentration achieved with clinical use.
Another important issue we could not completely address in
this paper was the effects of time on the stability of platelet
thrombi. Indeed, we could not demonstrate whether the
dissolution effects we described herein still occurred when the
subsequent perfusion of blood containing anti~-GP IIb/Ila
agents was started hours after the formation of platelet
thrombi. This issue is relevant because the binding of fibrin-
ogen to activated GP IIb/ITla was reported to be reversible
initially and became imreversible later (35). We could not
conduct experiments to answer this question directly, because
continuous perfusion, which prevents the falling of leukocytes
onto the platelet thrombi because of gravity, was necessary to
ensure exclusion of the possible effects of leukocytes on the
stability of the platelet thrombi. The dissolution effects of
anti-GP ITb/ITTa agents, although not exactly demonstrated as
described in this study, could be seen even when the subse-
quent perfusion of blood containing anti-GP IIb/ITla agents
started to be perfused after 30 min from the end of initial bloed
perfusion (data not shown).
Conclusions. We have previously shown that different
anti-GP IIb/Ila agents might have different effects on
platelet activation under high shear stress condition (36,37).
Although there is still ongoing debate on whether or not
different anti-GP IIb/III2 agents have different antithrom-
botic effects in vivo (24,38), it would be reasonable to
suppose that all three anti-GP IIb/IIla agents have similar
effects on thrombus dissolution when used in doses required
to block platelet aggregation. In conclusion, we have dem-
onstrated the dissolution effects of various anti-GP ITb/IIla
agents on platelet thrombi formed on the collagen surface
under blood flow conditions.
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